Abstract: Multilayer coatings composed of TiO 2 , Ta 2 O 5 , HfO 2 , or Al 2 O 3 as high-index materials and SiO 2 as low-index material were investigated for laser-induced damage using 1 ps, 5 µJ pulses generated by a mode-locked Yb:YAG thin-disk oscillator operating at a wavelength of 1030 nm and repetition rate of 11.5 MHz. Previously reported linear band gap dependence of damage threshold at kHz repetition rates was confirmed also for the MHz regime. Additionally, we studied the effect of electric field distribution inside of the layer stack. We did not observe any significant influence of thermal effects on the laser-induced damage threshold in this regime.
Introduction
The weakest parts of ultrafast laser systems with respect to laser-induced damage are often optical multilayer mirrors. This fact has motivated extensive studies of ultrashort-pulseinduced optical breakdown of thin-films over the last decade [1] [2] [3] [4] [5] [6] . All of them have been carried out by measuring the damage threshold at a low average power, either in single-shot mode or by using a pulse train at a kHz repetition rate.
However, recently developed oscillators and amplifiers, based on fiber [7] , innoslab [8, 9] , and thin-disk technology [10] [11] [12] , are capable of generating subpicosecond pulses with energies of several tens of µJ at repetition rates of more than 10 MHz, resulting in several hundreds of watts of average output power and multiple megawatts of peak power. Optical damage is among the challenges towards scaling up the power of such systems. Moreover, their output is often intensified further in regenerative amplifiers [13] , optical parametric amplification (OPA) stages [14] , and inside enhancement cavities [15, 16] . The latter can reach average intracavity power of several tens of kW, which is limited by the damage threshold of optical coatings [15, 17] .
The straightforward way to deal with optical breakdown is to increase the beam size. However, that requires larger optics and increases the overall footprint of the system, hence the costs rise substantially. In addition, the larger the size of the optics, the more difficult it becomes to provide uniform surface quality. Furthermore, the damage threshold of the whole optical element is as low as the damage threshold of its weakest spot. Thus, before undertaking the approach of increasing the size of the optical components, it would be beneficial first to try to increase their damage threshold. It is essential, therefore, to study the ultrafast damage behavior of thin-films not only in the single-shot and kHz repetition rate regimes, but also for MHz repetition rates at high average power.
In this work we explore the dependence of MHz ultrashort pulse damage threshold of multilayer thin-films on the band gap and on the electric field distribution. We demonstrate that by suppressing the electric field in high-index layers and shifting its maxima to low-index layers the damage threshold can be increased by 30%. A criterion for optimal electric field distribution is also given.
Materials
We investigated the laser-induced damage of three different sets of samples. All of them were multilayer thin-film compositions, where SiO 2 was used as the low-index material in each coating and the high-index material was TiO 2 , Ta 2 O 5 , HfO 2 , or Al 2 O 3 . The first set consisted of quarter-wave optical thickness (QWOT) stacks made using SiO 2 and one of each of the aforementioned high-index materials. These layer stacks are represented by the formula ( ) , m HL H where 17, m = and H and L denote high-and lowindex layers, respectively. The layer thickness profile of this 35-layer QWOT stack of Ta 2 O 5 /SiO 2 is given in Fig. 1(a) and the electric field distribution inside such stack is given in Fig. 1(c) . The absorption of the samples from this set was measured using a calorimetric approach [18] , whereas their total losses were measured using a cavity ring-down technique [19] . The results from these measurements are shown in Fig. 2 .
The second set contained narrow band-pass (NBP) 33-layer filters described by the formula ( ) 2 ( , )
n n HL H LH where 8 n = . The only difference between the QWOT stacks and the NBP filters was a cavity high-index layer in the middle of the stack with half-wave optical thickness. At the central wavelength the electric field inside the cavity layer is significantly enhanced. Therefore, these NBP samples were expected to have lower damage threshold than the QWOT stacks made of the same pair of materials. The samples in the third set were designed in such way that the electric field within the high-index layers was suppressed and its maxima were shifted to the low-index layers ( Fig. 1(d) ). Dielectric thin-film structure with such electric field distribution was expected to have higher damage threshold than a QWOT, since materials of lower refractive index have broader band gap and previous studies in the ultrashort regime have shown that the breakdown threshold of dielectrics scales with their band gap [2] . The design of these coatings with optimized electric field intensity (EFI) was found numerically by using the commercially available software OptiLayer [20] . The resulting layer thickness profile is displayed in Fig. 1 (b) and its electric field distribution is depicted in Fig. 1(d) . The obtained EFI design was rather similar to another one, which was retrieved by an analytical approach to the same problem [21] .
All samples were prepared using electron beam evaporation. The only exception was the QWOT stack of Al 2 O 3 /SiO 2 , which was deposited using magnetron sputtering technique.
Experimental setup
In order to explore the ultrafast damage behavior of multilayer thin-films at MHz repetition rate and high average power, we used a mode-locked Yb:YAG thin-disk oscillator operating at wavelength of 1030 nm and repetition rate of 11.5 MHz. It delivered pulses with energy of 5 µJ and duration of about 1 ps. The laser system is described in more detail in [22] . The setup used for damage threshold measurements is depicted in Fig. 3 . The intensity of the incoming beam was controlled by rotating a half-wave plate mounted on a motorized stage and a thin-film polarizer. A small portion of the beam was deflected to a calibrated photodiode, allowing us to measure in situ the incident power. The main part of the beam was focused on the sample down to 25 µm in diameter measured at level 2 1/ e from the peak intensity, using antireflection coated spherical lens with 70 mm focal length. The sample was mounted on a motorized three dimensional translation stage. A second photodiode was placed near the sample to monitor the light scattered off its surface. An abrupt change in the scattering behavior of the sample was used as an indicator of damage. This method has been applied successfully in the past [23, 24] and is one of the damage detection methods recommended by ISO 21254:2011.
The sample was placed in the focal plane of the laser beam in such way that an undamaged site was irradiated and the light scattered off the sample was monitored for a certain time interval (typically a second). Then the fluence was increased and the scattered light was measured again for the same period of time, while illuminating the same spot on the sample. That routine was iterated to cover a certain fluence range, within which the damage threshold lay. The damage threshold was defined as the fluence at which the behavior of scattering signal with respect to laser fluence changed rapidly. A typical recording of scattering signal as a function of laser fluence is given in Fig. 4 . The fluence value after which the scattering signal starts to grow rapidly defines the damage threshold fluence. It is worth noting that the measurement procedure described in the previous paragraph differs from the recommended by ISO 21254:2011, where the laser beam is positioned on a separate site on the sample for each fluence value. This is done in order to avoid various incubation effects [25] . Since in our case more than 11 million pulses hit the sample each second and incubation effects are part of the damage process anyway, for the sake of simplicity we chose not to comply with ISO 21254:2011. However, the detailed description of the measurement procedure and the setup allows the reproduction of the obtained results.
Results and discussion
It has been shown previously that for pulse durations τ below ten picoseconds the laserinduced damage in dielectrics departs from being thermally-dominated and is instead initiated by a combination of multiphoton, tunneling, and avalanche ionization mechanisms [26] . Therefore, in this work we refer to pulses shorter than 10 ps as ultrashort pulses.
In the ultrashort pulse regime, the damage threshold was found to scale linearly with the band gap of the material [2] . On the other hand, for materials with negligible absorption the real part of the dielectric function, i.e., the refractive index, is inversely proportional to the band gap [27] . Therefore, one can expect that the damage threshold of a QWOT stack is constrained by the breakdown threshold of its high-index material. [5] , whereas the band gap of TiO 2 was found in [28] . Evidently, even though the breakdown threshold of a quarter-wave stack scales to some extent with the band gap of its high-index material, the dependence is nonlinear. Note, however, that these fluence values were calculated at the front surface of the sample, without taking into account the electric field distribution inside the QWOT stack [ Fig. 1(c) ]. If we take that into consideration, we will obtain threshold fluence values which are characteristic for the layers themselves. We call this "internal" threshold fluence for layer X :
Here ext F is the measured threshold fluence on the front surface of the sample, inc E is the magnitude of the incident electric field, and X max E is the magnitude of the maximal electric field inside layer X .
In the case of QWOT stacks, where the peaks of electric field are positioned on the boundaries between layers [ Fig. 1(c) ], the limiting factor is the internal damage threshold of high-index layers H int F , because of their narrower band gap compared to low-index layers. In addition, it can be shown by writing the characterization matrix for a QWOT stack that, at normal incidence, the height of the peak on the first boundary between H and L layers is inversely proportional to the square of the refractive index of the H material. After we make a correction in accordance with Eq. (1) and with respect to the high-index layer, plotting the internal threshold fluence versus the band gap of the high-index material reveals a clear linear dependence [ Fig. 5(b) ].
A couple of observations can be made here. First, it is evident that although the damage threshold does depend on the band gap of the material [ Fig. 5(b) ], there is a certain point beyond which the damage threshold of the whole QWOT stack [ Fig. 5(a) ] cannot be increased any more merely by choosing a high-index material with a broader band gap. Second, even though the different samples absorbed different amount of the incident light, in some cases by a factor of four [ Fig. 2] , a linear scaling of the damage threshold with respect to the band gap of the high-index material could be observed. This is a strong indication that even at MHz repetition rates and at large average power (some tens of watts), thermal effects do not constitute an important part of the damage mechanism in the ultrashort pulse regime ( 10 ps τ <
). Ideally, we would like to compare the damage threshold values obtained at 11 MHz repetition rate with ones retrieved by using a laser beam with a kHz repetition rate and otherwise similar parameters to ours (i.e., wavelength, pulse duration, and focal spot size). However, to the best of our knowledge, currently no study exists on the kHz ultrashort-pulse LIDT at 1030 nm of the materials examined here. Therefore, we weigh our results against the ones reported in [5] for single 500 fs pulses at 1030 nm. To make a fair comparison, we modified the results from [5] in two aspects: (i) to compensate for the difference in pulse duration by using the k τ law, where
(ii) to account for measuring the LIDT of infinitely many pulses (more than 10 6 ), which has been found to be equal to about two thirds of the single pulse damage [25] . The linear dependence reported in [5] modified in such way is depicted as green dashed line in Fig. 5(b) ; the green dotted lines represent the respective error bars. Although our measurements are in a relatively good quantitative agreement with the so-modified results from [5] , they clearly follow a different trend [ Fig. 5(b) ].
An interesting fact to point out is that the linear dependence obtained for 11 MHz crosses the abscissa at 1.2 eV, which is close to the photon energy at 1030 nm (denoted with a star in Fig. 5(b) ). On the other hand, the photon energy at 515 nm ( = 1030/2 nm) is 2.4 eV (marked with a diamond in Fig. 5(b) ), which is within the error bar of the point where the linear bandgap dependence reported in [5] crosses the abscissa (2.56 eV). Further investigation is required to determine whether these observations have any physical meaning.
The comparison of the damage threshold values of QWOT stacks with the corresponding threshold values of the NBP filters is given in Fig. 6 . As explained in Section 2, there is a field enhancement inside the cavity high-index layer of the NBP filter. As illustrated in Fig. 6 , the damage threshold of such coating is lower than that of a QWOT stack with the same highindex material. This provides additional evidence that the distribution of electric field inside the multilayer coating plays an important role in determining its optical resistance. It should be noted that due to high sensitivity to deposition errors of the NBP design, the actual distribution of electric field inside the produced coating may deviate substantially from the theoretical one. Thus, no efforts were made to estimate the internal damage fluence of these coatings in analogy to Fig. 5(b) and according to Eq. (1). Nevertheless, Fig. 6 provides evidence that the damage threshold of dielectric stacks at pulse durations of 1 ps is dependent on the electric field distribution even at high average power. We explored that dependency to find out whether it can be exploited to improve the damage threshold of high reflective coatings and to what extent.
Since in the ultrashort pulse regime the damage behavior of thin-films is mainly dictated by intrinsic material properties [2] , the damage threshold itself can also be regarded as an intrinsic property of the thin-film material at a particular combination of wavelength and pulse duration. That is, an assumption can be made that the threshold fluence of the highindex material H int F is a characteristic property of that material and is not dependent on defects and impurities. Of course, the same also holds for the threshold fluence of the low-index material L int F . From that and from Eq. (1) it follows that the damage threshold of the whole thin-film stack ext F is governed by ( )
where L max E is the magnitude of maximum electric field in the low-index material. This expression implies also that if the electric field inside the high-index material is low enough, the electric field inside the low-index material becomes the limiting factor. One can see from Eq. (2) that the damage fluence of the assembly ext F has maximum when
To verify that experimentally we prepared coatings optimized for electric field distribution (EFI). A typical EFI design is given in Fig. 1(b) and the corresponding field distribution is shown in Fig. 1(d) . Samples with such designs were manufactured using TiO 2 and Ta 2 O 5 as high-index materials and their damage thresholds are compared with QWOT stacks of the respective materials in Fig. 7(a) . In both cases an improvement of about 30% was obtained. On the downside, however, the dispersion properties of the EFI designs are very unfavorable to ultrashort pulses, as such coatings would introduce a relatively large amount of group delay dispersion, as well as dispersion of higher orders [ Fig. 7(b) ]. These will lead to pulse broadening and the formation of sideband pulses, respectively.
Conclusion
We have investigated the damage threshold of three different types of coatings made with TiO 2 , Ta 2 O 5 , HfO 2 , or Al 2 O 3 as high-index material and SiO 2 as low-index material. The measurements were carried out using a mode-locked Yb:YAG thin-disk oscillator generating at central wavelength of 1030 nm pulses with duration of 1 ps and energy of 5 µJ at a repetition rate of 11.5 MHz, resulting in 55 W average power.
We have shown that the damage fluence of quarter-wave stacks scales linearly with the band gap of the used high-index material if the damage threshold is normalized with respect to electric field. This suggests that thermal effects do not play a significant part in the ultrashort pulse damage mechanism even at MHz repetition rates and at high average powers. Further proof of the significance of the electric field distribution is given by NBP filter stacks, where the electric field inside a high-index layer was enhanced, thus reducing the damage threshold of these structures. This dependence on electric field was exploited to produce highly reflective coatings with higher optical resistance by suppressing the electric field inside high-index materials and shifting its maxima to the low index materials. Additionally, a condition for optimal field suppression was also given.
